Adequate uterine glucose metabolism is an essential part of embryo implantation and the development of an adequate uterofetal environment. However, expression of facilitative glucose transporters (GLUTs [solute transporter family SLC2A]) and AKT/MAPK/PRKAA (PRKAA) signaling has not been described in the mouse uterine cells, to our knowledge. The objective of this study was to determine the hormonal regulation of SLC2A protein expression and AKT/MAPK/PRKAA signaling in the mouse uterine epithelial cells during estrous cycles and periimplantation periods. SLC2As 1, 4, 8, and 9B were highly expressed in the luminal and glandular epithelia of estrous stage. In metestrous and diestrous stages, expression of SLC2As 1, 4, 8, and 9B was lower than that in proestrous stage. Levels of activated phospho-AKT (p-AKT), p-MAPK3, and p-MAPK1 also varied during the estrous cycle. Estrogen and progesterone injection in an ovariectomized mouse (delayed implantation model) resulted in a decrease and an increase, respectively, in expression of GLUTs in the luminal epithelial cells of the uterus.
INTRODUCTION
The entry of glucose into the cells is facilitated by a family of glucose transporters (GLUTs) that are characterized by the presence of 12 membrane-spanning helices and several conserved sequence motifs. Thirteen members of the GLUT (SLC2A) family have been subdivided into three classes: class I consists of SLC2As 1, 2, 3, and 4; class II consists of SLC2As 5, 7, 9, and 11; and class III consists of SLC2As 6, 8, 10, and 12 and the H þ -coupled myoinositol transporter [1] [2] [3] . GLUTs exhibit a high degree of sequence homology; however, they differ in their substrate specificity, kinetic characteristics, tissue and subcellular distribution, and response to extracellular stimuli [1, 4] .
SLC2A1 is associated with the basal uptake and storage of glucose in most cells [5] . SLC2A4 is well known as the important insulin-sensitive transporter and is expressed in insulin-responsive tissues [6, 7] . SLC2A8 is a recently cloned member of the class III facilitative transporters and is expressed in the heart, skeletal muscle, brain, spleen, prostate, intestine, and testis and in the developing embryo at blastocyst stage [8] [9] [10] [11] . We have shown that SLC2A8 is an insulin-sensitive transporter in mouse blastocyst and testis [8, 12] . Also, we have identified and cloned mouse SLC2A9 [13] . A unique feature of mouse SLC2A9 is the existence of multiple splice variants, namely, mouse SLC2A9A (a long form having 12 transmembrane segments) and mouse SLC2A9B (two short forms each having a deletion resulting in the loss of two transmembrane-spanning domains) [14] . We have shown that SLC2A9A and SLC2A9B are differently expressed in the mouse sperm, testis, kidney, liver, and heart [9, 14] . Mouse SLC2A12 is cloned from preimplantation embryo and is expressed in heart, muscle, uterus, and fat [15] .
AKT is a major component of the PI3-kinase signaling pathway and is known to participate in multiple physiological processes. In response to insulin, AKT controls the glucose uptake process by regulating insulin-mediated SLC2A4 translocation [16, 17] . A recent study [18] shows that prolactin induces MAPK1 phosphorylation in the glandular epithelium and the CD56 þ natural killer cells within the stromal compartment of the human endometrium. Another study [19] shows that uterine AKT and MAPK are activated by insulinlike growth factor (IGF) 1 and estrogen in mouse. AMPactivated protein kinase (PRKAA or PRKAA) is activated by an increase in the AMP:ATP ratio [20] . PRKAA has a key role in energy metabolism (e.g., fatty acid oxidation and synthesis, glucose uptake, and cholesterol synthesis [21, 22] ). In addition, SLC2A4 translocation is mediated by PRKAA signaling in heart [23, 24] . However, GLUTs expression and AKT/MAPK/ PRKAA signaling have not been explored (to our knowledge) in the mouse uterus in response to steroid hormones during estrous cycles and peri-implantation periods. The objective of this study was to investigate the expression and hormonal regulation of GLUTs and AKT/MAPK/PRKAA signaling in the uterus during estrous cycles and peri-implantation periods. Our rationale is that if we can further dissect the downstream metabolic pathways regulated by estradiol, progesterone, and pregnancy-related hormonal changes, then possibly nonhormonal metabolic therapies can be applied to conditions of implantation failure and pregnancy loss.
MATERIALS AND METHODS

Animals and Tissue Preparation
Mice were housed according to institutional animal care and use committee and National Institutes of Health (Bethesda, MD) guidelines. Adult C57BL6 female mice purchased from the National Cancer Institute (Bethesda, MD) were mated with fertile male mice of the same strain to induce pregnancy (Day 1 [vaginal plug]). On Day 5 and Day 6 of pregnancy, implantation sites (IS) were visualized by an intravenous injection of Chicago blue dye solution (Sigma, St. Louis, MO). On Day 7 and Day 8, IS are distinct, and their identification does not require special manipulation. IS and inter-IS were immediately frozen in cold Friendly Freeze'it (Curtin Matheson Scientific, Houston, TX) and were stored at À758C until protein extraction or cryosection. All experiments were conducted three times.
Western Blot Analysis
Western blot analysis was performed as described previously [9] . Briefly, total protein extract (;15 lg) was separated in a 10% SDS-polyacrylamide gel and was then transferred onto nitrocellulose membranes. Different gels were run for each experiment, and each individual gel was normalized to b-actin. After blocking with 5% nonfat dry milk powder in 13 Tris-buffered saline (TBS) and 0.05% Tween 20 (TBS-T) for 1 h at room temperature, the membranes were incubated with primary antibody (0.25 lg/ml) at 48C overnight, washed three times with TBS-T, and incubated with horseradish peroxidase-conjugated goat anti-rabbit (40 ng/ml; Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h. Identical blots were immunoblotted with preimmune sera for negative controls. The anti-mouse SLC2A1 and SLC2A4 polyclonal antibodies were the generous gift of Dr. Mike Mueckler, Washington University, St. Louis, MO. These antibodies have all been previously characterized as monospecific [25] [26] [27] . The anti-mouse SLC2A8 and SLC2A9B polyclonal antibodies were both made by the Moley laboratory and were previously characterized as monospecific [8, 9] . The AKT, phospho (p)-AKT (Ser473), PRKAA (PRKAA), p-PRKAA (p-PRKAA), MAPK3/MAPK1 (MAPK1/2), and p-MAPK3/1 polyclonal antibodies were all obtained from Cell Signaling (Danvers, MA). After washing, the signals were visualized using ECL Western blotting detection reagents (Amersham, Paisley, UK) or SuperSignal West Dura Extended Duration Substrate (Thermo Scientific, Rockford, IL).
Immunofluorescence
Frozen sections (10 lm) were fixed in 3% paraformaldehyde in PBS for 15 min and were washed two times. After blocking with 8% bovine serum albumin (BSA) containing PBS for 1 h, the sections were incubated with the primary antibody (10 lg/ml) at 48C overnight, washed three times for 5 min with PBS, and incubated with Alexa Fluor 488 goat anti-rabbit (10 lg/ml; Molecular Probes, Eugene, OR) for 30 min. Nuclei were stained with TO-PRO-3 iodide dye (Molecular Probes) by incubating them in 4 mM dye for 20 min. After washing three times in PBS, fluorescence was observed under a confocal microscope using Nikon EZ 7.1 software (Nikon Eclipse E800; Nikon Instruments Corp., Melville, NY). Negative control slides were immunolabeled with preimmune sera. All experiments were performed in triplicate.
Immunohistochemistry
Frozen sections (10 lm) were fixed in 3% paraformaldehyde in PBS for 15 min and were washed two times. After blocking of the endogenous peroxidase activity with 3% H 2 O 2 in methanol for 10 min and blocking of background with 10% nonimmune goat serum for 1 h, the sections were incubated with the primary antibody (10 lg/ml) at 48C overnight, washed three times for 5 min with PBS, and incubated with biotinylated secondary antibody (Zymed, San Francisco, CA) for 30 min and with enzyme conjugate (streptavidin peroxidase; Zymed) for 30 min. Coloring reaction was performed using 3,3 0 -diaminobenzidene, and sections were counterstained with hematoxylin (Zymed). All experiments were completed three times.
Injection of Steroid Hormones
To determine the effects of progesterone and estrogen on uterine SLC2A expression, female mice were ovariectomized (OVX) and then rested for 20 days to eliminate circulating ovarian steroids. All steroids were dissolved in sesame oil (Sigma). OVX mice received a single injection of estradiol-17b (E 2 ) (100 ng/mouse), progesterone (P 4 ) (2 mg/mouse), or a combination of the same doses of P 4 plus E 2 . To inhibit E 2 receptor action, the anti-E 2 Fulvestrant (ICI 182,780; Sigma, 0.5 mg/mouse) was injected 60 min before an injection of E 2 . This compound not only inhibits transcriptional activity of E 2 receptor a but also induces its proteasome-dependent degradation. Control animals were injected with sesame oil vehicle (0.1 ml/mouse). Whole uteri were removed at 1, 6, 12, or 24 h after hormone injection, freed from adjacent fat and mesentery, sliced into small pieces, immediately frozen in cold Friendly Freeze'it (Curtin Matheson Scientific), and stored at À758C until processed for protein extraction. All experiments were completed three times.
Delayed or Activated Implantation
To induce conditions of delayed implantation, mice were OVX on the morning of Day 4 of pregnancy that was maintained with daily injections of P 4 (2 mg/mouse) from Day 5 to Day 7. To terminate delayed implantation and to induce blastocyst activation, a single subcutaneous injection of E 2 (25 ng/ mouse) was given at the same time as the P 4 injection on Day 7. Whole uteri were collected from each group 12 h after the last injection of steroids. Delayed or activated implantation was confirmed by flushed dormant or activated blastocyst. All experiments were performed in triplicate.
Artificial Decidualization
Induction of artificial decidualization was performed as described elsewhere [28] . In brief, OVX mice were allowed 20 days of recovery and were then injected subcutaneously with E 2 (100 ng/mouse) for 3 days. After 2 days' rest, E 2 (10 ng/mouse) and P 4 (1 mg/mouse) were injected subcutaneously for 3 days. At the third day of P 4 plus E 2 injection, 20 ll of oil was infused intraluminally into the one uterine horn via minilaparotomy, and the other side horn was used as a control. After P 4 (1 mg/mouse) injection for 4 days, uteri were collected and frozen. These experiments were performed three times.
Statistical Analysis
Quantification of protein by Western immunoblotting for each group was normalized to b-actin on each gel and was then compared between multiple groups using ANOVA with Fisher exact post hoc test. Significance was defined as P , 0.05. Error bars in the figures represent SEMs.
RESULTS
Expression of GLUTs and p-AKT/p-MAPK/p-PRKAA in the Uterus During Estrous Cycles
To determine the expression of GLUTs and the phosphorylation of AKT/MAPK/PRKAA in the mouse uterus during estrous cycles, Western blot and immunofluorescence staining were performed. Expression of the majority of GLUTs (SLC2As 1, 4, 8, and 9B) was highest in the uterus of estrous stage, which is an E 2 -dominant stage. As shown previously, most SLC2A proteins appear as multiple bands, consistent with their highly glycosylated structures [27] . In metestrous and diestrous stages, which are P 4 -dominant stages, expression of SLC2As 1, 4, 8, and 9B was lower than that in proestrous stage (Fig. 1A) . This difference was significantly lower with GLUT8 and GLUT9B, suggesting hormonal cycle-specific regulation of GLUT expression. Although total AKT did not change between stages, the amount of phosphorylated AKT increased significantly in estrous and metestrous stages and then decreased in diestrous and proestrous stages. The expression pattern of p-GSK3b, which is downstream of AKT, was similar to that of p-AKT (Fig. 1B) . Although total MAPK3/MAPK1 and MAPK1/MAPK2 did not change, the phosphorylation of MAPK/MAPK1 was significantly increased in metestrous stage, whereas the phosphorylation of MAPK/MAPK2 was significantly increased in diestrous stage. Both phosphorylated forms were lowest in proestrous stage (Fig. 1C) . Total PRKAA/PRKAA fluctuated throughout the cycle, rendering interpretation of the phosphorylation data more difficult (Fig.  1D ).
For Figure 1A , three different experiments were performed with three different sets of animals analyzing the four UTERINE GLUCOSE UPTAKE IS REGULATED BY E 2 AND P 4 transporters and four different time points. For each experiment, all samples for each transporter were normalized to the proestrous protein level after normalization to actin. All values were then evaluated by one-to-one comparison; thus, there was only 1 df. The samples marked with an asterisk represent differences between that group vs. proestrous expression. For B and C in Figure 1 , three different experiments were performed with three different sets of animals looking at kinase and the phosphokinase. For each experiment, all samples for each kinase were normalized to the proestrous protein level. Because the kinase levels did not vary significantly among the four points in the estrous cycle, we evaluated by one-to-one comparison the differences between the phosphokinase levels after normalization to proestrous levels. For Figure 1D , we used the same approach; however, PRKAA levels varied, whereas phospho-PRKAA levels did not.
As shown in Figure 2 , most SLC2As 1, 8, and 9B proteins in the uterus were localized in the luminal and glandular epithelia. In estrous stage, SLC2As 1, 8, and 9B proteins were highly concentrated in the luminal epithelial surface. At estrous phase, SLC2A1 and SLC2A9B appeared to be exclusively located on the basolateral surfaces of the epithelium, whereas SLC2A8 was located at both the basolateral and apical surfaces of the luminal glandular epithelium. In metestrous and diestrous stages, expression of SLC2As 1, 8, and 9B proteins was decreased. These cyclical changes seen in the epithelium were consistent with the whole-uterine Western analysis shown in Figure 1 , supporting the suggestion that the majority of SLC2A protein in the uterus resides at the epithelial surfaces. Stromal expression of SLC2As 1, 8, and 9B was seen but was significantly less than that at the epithelial labeling and was greatest during metestrous and diestrous stages.
Hormonal Regulation of GLUTs Expression in OVX Mice
To determine the factors regulating these changes in GLUT expression and those mediating phosphorylation of kinases, an OVX mouse model was used. Because E 2 and P 4 are essential hormones for the establishment of mouse pregnancy, immunofluorescence for GLUTs was performed to determine whether GLUTs are regulated by these steroid hormones in a   FIG. 1 . Western blot analysis of GLUTs (A), AKT/p-AKT (B), MAPK/p-MAPK (C), and PRKAA/p-PRKAA (D) in the mouse uterus during estrous cycles. b-actin was used as an internal control for each set of experiments, and all values are normalized to this and then normalized to proestrous. All facilitative glucose transporters sometimes appear as multiple bands or smears because of different glycosylation states. GLUT1 (SLC2A1) is a doublet at 54-55 kDa. GLUT4 (SLC2A4) is a smear at 55-60 kDa. GLUT8 (SLC2A8) appears as a doublet at 69-72 kDa. GLUT9B (SLC2A9B) is a doublet at 60-61 kDa. These experiments were performed on three separate occasions with different mice. The y-axes represent relative density. *P , 0.01 and **P , 0.001 compared with proestrous. P, proestrous stage; E, estrous stage; M, metestrous stage; D, diestrous stage.
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KIM AND MOLEY hormone-free OVX mouse model. E 2 treatment resulted in decreased expression of SLC2As 1, 8, and 9B in the luminal epithelial cells. This suppressive effect by E 2 was rescued by injection of the E 2 receptor a antagonist ICI 182,780. Conversely, P 4 treatment caused increased expression of GLUTs in the luminal epithelial cells, and P 4 plus E 2 injection slightly reduced GLUTs expression compared with P 4 -only injection (Fig. 3) . In addition, cell trafficking of the GLUTs seemed to be altered by this OVX model. Specifically, SLC2A9B appears to be predominantly localized in an intracellular compartment instead of at the cell surface in OXV vs. control murine uterine epithelium. Overall, stromal expression of the GLUTs was much lower in the OVX model compared with cycling mice.
Expression of GLUTs and Cell Signaling Proteins in the Uterus During Peri-Implantation Periods
The subsequent studies focused on the regulation of GLUT expression in vivo during the period of implantation and early pregnancy. IS expression was compared with inter-IS expression in pregnant uteri from Day 5 to Day 8. As shown in Figure  4A , the expression of SLC2As 1, 8, and 9B was increased in the IS vs. inter-IS at selective time points. Expression of SLC2A1 in the IS was significantly increased at Days 6, 7, and 8 (P , 0.01, P , 0.001, and P , 0.001, respectively), but no significant difference was seen at Day 5. The expression of SLC2A8 in the IS also was significantly higher than that in the inter-IS at Days 6, 7, and 8 (P , 0.05 for all) but not at Day 5. SLC2A9B expression in the IS was significantly higher at Days 6 and 7 (P , 0.05 for both) but not at Day 5 or 8. Conversely, SLC2A4 did not vary significantly between the IS and inter-IS at any time point.
Next, SLC2A expression for each transporter in the IS at the four time points in gestation was expressed as fold increases over inter-IS expression, and these time point expression levels were compared among SLC2A groups (Fig. 4B) . SLC2A1 expression was significantly higher in IS on Days 7 and 8 compared with either Day 5 or Day 6 (Day 7 vs. Day 5 or 6, P , 0.01; Day 8 vs. Day 5 or 6, P , 0.01). SLC2A8 expression increased gradually from Day 5 to Day 8 in IS. A significant difference in expression was only seen between Day 5 and Day 8 (P , 0.01). SLC2A9B expression increased slightly in IS; however, a significant difference was only seen between Day 5 and Day 8. Finally, SLC2A4 did not change in expression significantly over the time points in gestation.
To localize the SLC2As in the pregnant uterus, immunohistochemistry was performed. SLC2As 1, 8, and 9B were differently localized between IS and inter-IS. In inter-IS, they were concentrated in the luminal and glandular epithelial cells but not in stromal cells. In IS, they were mainly localized in the
Paraformaldehyde-fixed tissue slices were incubated with primary polyclonal antibodies against SLC2A1 (GLUT1), SLC2A8 (GLUT8), and SLC2A9B (GLUT9B). Slides were then incubated with a secondary antibody, Alexa Fluor 488 goat anti-rabbit IgG (green fluorescence). To-Pro-3 iodide was used to stain the nuclei (blue fluorescence). Note increased expression of GLUTs in the uterine luminal epithelia of estrous stage. ge, glandular epithelia; le, luminal epithelia; s, stromal cells; P, proestrous stage; E, estrous stage; M, metestrous stage; D, diestrous stage. This experiment was performed on three separate occasions with different mice. Preimmune sera for all three antibodies were used as negative controls, as well as an isotype-matched antibody. Original magnification 320.
FIG. 3.
Immunofluorescence of GLUTs in the OVX mouse uterus. Paraformaldehyde-fixed tissue slices were incubated with primary antibodies to SLC2A1 (GLUT1) (A), SLC2A8 (GLUT8) (B), or SLC2A9B (GLUT9B) (C). Slides were then incubated with a secondary antibody, Alexa Fluor 488 goat antirabbit IgG (green fluorescence). To-Pro-3 iodide was used to stain the nuclei (blue fluorescence). ICI 182,780 was injected 1 h before E 2 injection, and specimens were obtained at 1, 6, 12, and 24 h after E 2 injection. E2, estrogen injection; P4, progesterone injection. This experiment was performed on five separate occasions with different mice. D) Higher magnification of uterine epithelial protein expression of GLUT9B (SLC2A9B) in control cycling mice vs. OVX mice without hormone supplementation. Original magnification 320 (A-C) and 340 (D).
FIG. 4. Protein expression in mouse uteri
during the peri-implantation period. Western blot analysis of GLUTs (A) and p-AKT, p-MAPK, and p-PRKAA (C) in IS and inter-IS. b-actin was used as an internal control for each individual gel, and IS vs. inter-IS expression is compared at each day. For the kinase, phosphorylated forms were normalized to total kinase. B and D) Next, protein quantification was expressed as fold increase of IS over inter-IS expression, and comparisons were made among each SLC2A or kinase group. B) *P , 0.01 for SLC2A Day 5 or 6 vs. Day 7 or 8 and **P , 0.01 for Day 5 vs. Day 8 only. D) *P , 0.01 for p-AKT Day 5 or 6 vs. Day 7 or 8, **P , 0.001 for p-MAPK3 for Day 7 vs. all other time points,^P , 0.05 for p-MAPK1 for Day 8 vs. all other time points, and **P , 0.001 for p-PRKAA for Days 7 and 8 vs. Days 5 and 6. Immunohistochemistry of SLC2As (E) and p-AKT, p-MAPK, and p-PRKAA (F) in the Day 7 mouse uterus was performed on longitudinally sectioned uterus incubated with primary antibodies. Slides were then incubated with biotinylated secondary antibody and with enzyme conjugate. Coloring reaction was performed using 3,3 0 -diaminobenzidene, and sections were counterstained with hematoxylin. EM, embryo. This experiment was performed on four separate occasions with different mice. Original magnification 320.
FIG. 5. Protein expression of GLUTs and signaling pathway kinases in uteri of the delayed and activated implantation models. Western blot analysis of GLUTs (A) and p-AKT, p-MAPK, and p-PRKAA (B)
. Three lanes per group are shown. b-actin was used as an internal control, and the quantitative data are shown in (C) and (D). Each individual lane was normalized to the corresponding b-actin first and then to the delayed implantation values. The y-axes represent relative density. *P , 0.01 and **P , 0.001 compared with delayed implantation. E) Immunohistochemistry of GLUTs in the mouse uterus of the delayed or activated model using tissue slices incubated with primary antibodies. Slides were then incubated with a secondary antibody, Alexa Fluor 488 goat anti-rabbit IgG (green fluorescence). To-Pro-3 iodide was used to stain the nuclei (blue fluorescence). Negative control preimmune sera for these antibodies are shown in Figure 2 . The negative control seen here is immunohistochemistry without a secondary antibody. This experiment was performed on five separate occasions with different mice. Original magnification 320.
decidual region of the stromal cells (Fig. 4E) , suggesting a role for the GLUTs in decidualization.
Next, phosphorylated or activated AKT, MAPK3/1, and PRKAA were normalized to total unphosphorylated protein at each time point, and these values for each time point in gestation (Days 5-8) were compared between IS and inter-IS (Fig. 4C) . p-AKT was significantly greater in the IS at all time points (P , 0.01 for all) compared with inter-IS. p-MAPK3 was significantly greater at all time points in the IS except Day 8, when it was barely detected in the phosphorylated form (P , 0.01 for Days 5 and 6 and P , 0.001 for Day 7). p-MAPK1 was similar, with significantly greater IS detected at Days 5-7 (P , 0.001), but no significance was seen between IS and inter-IS at Day 8. IS P-PRKAA was significantly higher than inter-IS expression at Days 7 and 8 (P , 0.001) but not at Days 5 and 6.
Finally, phosphorylated forms of these signaling kinases in the IS at the four time points in gestation were expressed as fold increases over inter-IS-detected levels, and phosphorylated forms at these time point were compared among each kinase (Fig. 4D ). p-AKT was significantly higher at Days 7 and 8 vs. By immunohistochemistry, p-AKT, p-MAPK, and p-PRKAA were localized in luminal and glandular epithelial cells of the inter-IS and in the decidual region of the IS, with similar localization patterns of GLUTs. These results are summarized in Figure 4F .
For all data in Figure 4 , three different experiments were performed with three different sets of animals analyzing the four different transporters expressed at IS at four different time points. All expression was normalized to its corresponding inter-IS expression level. The fold difference in the level of expression between time points was compared by one-to-one comparison.
Expression of GLUTs in the Uterus of the Delayed or Activated Implantation Model
To determine whether the expression of GLUTs is dependent on the activation of implantation of the blastocyst, we analyzed the levels of expression of GLUTs, p-AKT, p-MAPK3/1, and p-PRKAA in the uterus of the delayed and activated implantation model as described previously [28] . By 12 h after the termination of delayed implantation and the initiation of activated implantation by E 2 injection, the expression of SLC2As 1, 8, and 9B was increased (Fig. 5 , A and C) in the uterus of the activated implantation model. The expression of p-AKT, p-MAPK3/1, and p-PRKAA was also increased in the uterus of the activated implantation model. p-PTEN, which is a suppressor for p-AKT, was similar between both groups (Fig. 5, B and D) . Compared with delayed implantation, increased intensity for GLUTs was seen in the luminal epithelial cells of activated implantation (Fig. 5E) , suggesting that either the presence of the blastocyst and/or the injection of E 2 increased expression of the GLUTs.
For data presented in Figure 5 , three different experiments were performed with three different sets of animals analyzing the four transporters under two different conditions. For each experiment, samples for each transporter were normalized to the protein level in the delayed implantation group. All values were then analyzed by one-to-one comparison; thus, there was 1 df. Data points with asterisks represent differences between that group and the delayed implantation group.
Increased GLUTs Expression and MAPK/PRKAA Phosphorylation in the Uterus of the Artificial Decidualization Model
To examine whether GLUTs expression and AKT/MAPK/ PRKAA activation in uterine cells are affected by artificial decidualization, we induced decidualization with intrauterine oil injection and hormone replacement following ovariectomy. During normal pregnancy, uterine stromal cells differentiate into decidual cells in response to an activated implanting blastocyst. The decidual response, however, can be induced in the absence of a blastocyst if the uterus is hormonally primed either by pseudopregnancy or by 48 h of P 4 injections in an OVX mouse [28] . As shown in Figure 6 (A and C), expression of SLC2As 1, 4, 8, and 9B in uteri of the artificial decidualization model was dramatically higher than that in control uteri. The phosphorylation of MAPK3/1 and PRKAA in uteri of the artificial decidualization model was also higher than that in control uteri (Fig. 6, B, D, and E) ; however, no change was seen in levels of AKT or p-AKT. For the data in Figure 6 , four different experiments were performed with four Western immunoblots (A and B) were quantitated using b-actin as the internal control for each blot and then normalized to control (C-E). Two lanes per group are shown. Oil-infused uterine horn was used as the uterus of the artificial decidualization model (black bars), and the other side horn (which is not an oil-infused horn) was used as a control (gray bars). This experiment was performed on six separate occasions with different mice. The y-axes represent relative density. *P , 0.01 and **P , 0.001 compared with control.
UTERINE GLUCOSE UPTAKE IS REGULATED BY E 2 AND P 4 different sets of animals analyzing the four transporters under two different conditions.
DISCUSSION
In this study, we have demonstrated that GLUTs and activated AKT/MAPK/PRKAA signaling proteins are expressed and regulated by steroid hormones in the mouse uterus and uterine epithelium during estrous cycles and the periimplantation periods. Moreover, we have shown using models of artificial decidualization and delayed/activated implantation that glucose utilization has a key role in these processes and in early endometrial differentiation during pregnancy. Recent findings show that only SLC2A1 and SLC2A3 are expressed in human endometrium and are increased at secretory phase and in decidua [29] . Another study [30] shows that SLC2A1 and SLC2A8 are expressed in human endometrium and in endometrial cancer. In addition, SLC2A1, SLC2A3, and SLC2A4 are expressed in the rat uterus and are highly increased in the decidual cells of IS [15, 31] . Previous studies show that SLC2A1 and SLC2A3 mRNA is expressed in the placenta and decidua of the pregnant mouse [32] , and mRNA is expressed in nonpregnant mouse uterus [15] . These observations led us to focus on the regulation of GLUT expression in the uterine epithelium of pregnant mice, as well as on the activation of kinases involved in growth factor-and nutrienttriggered pathways in the uterus.
Using cycling mice, as well as murine models of delayed implantation and artificial decidualization, our results demonstrate dramatic changes in the expression of SLC2As 1, 8, and 9B in epithelium during the menstrual cycle and the periimplantation period and in the uteri of an artificial decidualization model (Figs. 4 and 6 ). This suggests that mice deficient in SLC2A1 and SLC2A8 expression (the only two null mice described thus far among those GLUTs identified in this work as being hormonally responsive in murine uteri) may have smaller litter sizes due to problems with establishment and maintenance of pregnancy. We observed decreased numbers of pups with the SLC2A1 antisense transgenic mouse [33] and with the SLC2A8 null mouse we have created (Kim and Moley, unpublished results). SLC2A1 appears predominantly to be basolateral, whereas SLC2A8 is apical. SLC2A1 is a wellcharacterized basolateral transporter [34] ; however, SLC2A8 has been reported to be predominantly located in intracellular compartments [35] [36] [37] that traffic to the plasma membrane with insulin or IGF-1 in embryonic cells [35] and with PRKAA activation in trophoblast stem cells [38] . It appears that the uterine epithelial SLC2A8 transporters are translocated to the apical surface possibly due to the maximal activation of PRKAA at this same time point (Days 7 and 8 of pregnancy) as shown in Figure 4 . This expression pattern parallels AKT and MAPK1 and MAPK 2 phosphorylation; however, both MAPKs decrease their phosphorylation state by Day 8. These findings suggest that the hormonal changes associated with early pregnancy (fluctuations in E 2 , P 4 , and/or growth factors) lead to alterations in nutrient-dependent signaling pathways (PRKAA, MAPK, and AKT), resulting in changes in GLUT expression. This apical-specific localization of the high-affinity SLC2A8 (Km, 2 mM) may serve to maximize glucose utilization from the luminal surface to support implantation. SLC2A1, a lower-affinity transporter with a Michaelis-Menton constant (Km) of 6-8 mM, is present on the basolateral surface, presumably to facilitate transport of glucose into the stromal compartment. In this study, the expression of this transporter increases in the basolateral compartment simultaneously with SLC2A8, supporting our hypothesis that the hormonal and metabolic changes are synchronized.
To test this hypothesis, we next performed whole-animal ovariectomy and delayed implantation studies, as well as artificial decidualization assays. SLC2A8 localization at the apical epithelial surface was consistently seen in all groups; however, in vivo P 4 treatment in all models with or without E 2 appeared to increase expression of this transporter. SLC2A1 expression was seen at the basolateral surfaces in both models, and P 4 plus E 2 appeared to lead to the greatest level of expression. It is unclear if any of these manipulated systems mimic the in vivo pregnancy state in the epithelium; however, we can conclude that the hormonal changes associated with pregnancy affect GLUT expression.
Surprisingly, we discovered that SLC2A9B was localized at the basolateral surfaces of the endometrial epithelium, whereas we had previously identified SLC2A9B at the apical surfaces of polarized cells [39] . Moreover, we found that localization of SLC2A9B in the uterine epithelium varied between control cycling mice and OVX mice (Fig. 3D) . This finding suggests that trafficking of this GLUT may be dependent on circulating or local hormone levels. GLUT9 localization has previously been found to vary in embryo development, with cell surface localization in cleavage-stage embryos and relocalization to an intracellular compartments on blastocyst formation [13] . This hormonally regulated localization of SLC2A9, which appears to differ from the other two transporters, may be related to the more varied substrate specific to SLC2A9. We have previously reported that this transporter is a high-affinity transporter for glucose (Km, 0.6 mM) and fructose (Km, 0.4 mM) but does not transport galactose [40] . In addition, we have recently published our findings showing that SLC2A9 is a highcapacity urate transporter (Km, 300 lM) [41] . For these reasons, it is possible that the different localization of this transporter may be due to changes in substrate preference during the process of preparation for implantation. Future studies will be needed to test this hypothesis. These results with all the SLC2A proteins lead us to conclude that epithelial glucose utilization, as well as possibly other substrates through the facilitative GLUTs, is highly regulated in the uterus and has an important role in establishing adequate implantation. It is possible that abnormalities in this process may be responsible in part for high rates of recurrent failed pregnancies in some populations of women.
These studies also demonstrate significant changes in AKT/ MAPK/PRKAA signaling in endometrial tissue in response to hormonal changes. As a major component of the PI3-kinase signaling pathway, AKT in response to insulin controls glucose uptake by regulating insulin-mediated SLC2A4 translocation [17] . In addition, p-AKT is increased in human decidual cells [42, 43] and prevents apoptosis, while promoting differentiation in the hormonally responsive mammary epithelium [44] . Recent studies demonstrate that activated AKT and MAPK3/1 regulate trophoblast invasion via chorionic gonadotropin [45] and that prolactin induces MAPK phosphorylation in the glandular epithelium and the CD56 þ natural killer cells within the stromal compartment of the human endometrium [18] . AMP-activated protein kinase (PRKAA) is activated by increase of the AMP:ATP ratio [20] . PRKAA has a key role in energy metabolism (e.g., fatty acid oxidation and synthesis, glucose uptake, and cholesterol synthesis [21, 22] ). In addition, SLC2A4 translocation is mediated by PRKAA signaling in heart and skeletal muscle [23, 24] . AKT/MAPK/PRKAA signaling has not been described in mouse uterus during the peri-implantation period, to our knowledge. We believe that this study shows for the first time that the phosphorylation of 196 AKT/MAPK/PRKAA is regulated by E 2 and P 4 in the delayed implantation and artificial decidualization models and occurs in pregnant uteri. Phosphorylation of AKT/MAPK/PRKAA was dramatically increased in the decidual region of the IS (Fig. 4 , C, D, and F) and was significantly increased in the uterus of the activated implantation model (Fig. 5, B, D, and E) . Moreover, expression levels of p-MAPK and p-PRKAA in uteri of the artificial decidualization model were dramatically higher than those in control uteri (Fig. 6B) . The different pattern of p-AKT expression between IS (Fig. 4B) and that in the artificial decidualization model of the uterus (Fig. 6B) could be explained by IGF signaling from the embryo. Reduced p-AKT signaling may be compensated for by MAPK/PRKAA in an artificial decidualization model. This suggests that AKT/ MAPK/PRKAA signaling may have an important role in the decidualization process.
In conclusion, the results of this study suggest that glucose utilization through uterine epithelial GLUTs and AKT/MAPK/ PRKAA signaling pathways is regulated by steroid hormones in the mouse uterus and may have important roles in preparation for implantation, decidualization of murine uterine cells, and maintenance of pregnancy. Therefore, maternal abnormalities in glucose metabolism or decreased E 2 /P 4 signaling may manifest as implantation failures and poor pregnancy outcomes.
